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ABSTRACT
Fexofenadine (FEX) is mainly eliminated from the liver into bile
in unchanged form. We demonstrated previously that organic
anion transporting polypeptide (OATP) 1B1 and OATP1B3 are
involved in the hepatic uptake of FEX. However, little is known
about the mechanisms controlling the hepatic efflux of FEX
from the liver to bile and blood. In the present study, the
involvement of hepatic efflux transporters in the pharmacoki-
netics of FEX was investigated in both in vitro and in vivo
studies. Vectorial transport of FEX was observed in OATP1B3/
human bile salt export pump (hBSEP) double transfectants but
not in OATP1B3/human breast cancer resistance protein dou-
ble transfectants, which indicates the possible contribution of
hBSEP to the biliary excretion of FEX in humans. In multidrug
resistance-associated protein 2 (Mrp2)�/� mice, the biliary ex-

cretion clearance based on the plasma concentration and the
liver-to-plasma concentration ratio significantly decreased,
whereas the biliary excretion clearance based on the liver con-
centration decreased only with 20%, suggesting the minimum
contribution of Mrp2 to its biliary excretion. ATP-dependent
transport of FEX was observed in hMRP3-enriched membrane
vesicles but not hMRP4. In Mrp3�/� mice, the biliary excretion
clearance based on both the plasma and liver concentration
and the liver-to-plasma concentration ratio increased, suggest-
ing the significant contribution of Mrp3 to its sinusoidal efflux
and the up-regulation of its biliary excretion in Mrp3�/� mice.
On the other hand, pharmacokinetics of FEX remained un-
changed in Mrp4�/� mice. This information provides a novel
insight into the transporters important for FEX disposition.

Fexofenadine (FEX) is an orally active nonsedating hista-
mine H1 receptor antagonist that is prescribed for oral treat-
ment of allergic rhinitis and chronic idiopathic urticaria.
After oral administration of [14C]FEX to healthy volunteers,
80% of the dose was recovered in feces and 12% in urine, in
unchanged form (Lippert et al., 1995). Because the absolute
oral bioavailability of FEX is reported to be 33% (product
information, Hoechst Marion, Roussel, Laval, Quebec, Can-
ada), it follows that two-thirds of the bioavailable FEX is
excreted into bile. Therefore, hepatic transport of FEX is one
of the determinants for its systemic clearance.

We demonstrated previously that human organic anion
transporting polypeptide 1B1 (hOATP1B1/SLCO1B1) and
hOATP1B3 (SLCO1B3) contribute to the hepatic uptake of
FEX in humans (Shimizu et al., 2005; Matsushima et al., in
press). On the other hand, the transporters involved in its
biliary excretion have not been clarified yet. In the canalic-
ular membrane, several ATP binding cassette transporters
such as multidrug resistance-associated protein 2 (MRP2/
ABCC2), P-glycoprotein/multidrug resistance 1 (P-gp/MDR1/
ABCB1), breast cancer resistance protein (BCRP/ABCG2),
and bile salt export pump (BSEP/ABCB11) are involved in
the excretion of several compounds. MRP2 is responsible
for the biliary excretion of a wide variety of organic anions,
including glutathione and glucuronide conjugates and drugs
such as pravastatin (Suzuki and Sugiyama, 1998). MDR1
preferentially accepts hydrophobic cationic and neutral com-
pounds (Hoffmann and Kroemer, 2004), whereas BCRP ac-
cepts various kinds of organic anions (Suzuki et al., 2003; van
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Herwaarden et al., 2003; Hirano et al., 2005b; Merino et al.,
2005). Although BSEP was believed to accept only bile salts
(Byrne et al., 2002), recent studies indicate that BSEP trans-
ports some drugs such as vinblastine and pravastatin
(Lecureur et al., 2000; Hirano et al., 2005a).

It has been shown that FEX is a substrate of P-gp and
hMRP2 (Cvetkovic et al., 1999; Matsushima et al., in press),
whereas nobody has checked whether FEX is a substrate of
hBCRP and hBSEP. Tahara et al. (2005) investigated biliary
excretion of FEX using Eisai hyperbilirubinemic rats (Mrp2-
deficient rats) and Mdr1a/1b�/� and Bcrp1�/� mice. We were
surprised to find that these transporters didn’t have an effect
on FEX biliary excretion clearance based on the liver concen-
tration (Tahara et al., 2005). These results suggest that the
biliary excretion of FEX is mediated by unknown trans-
porters distinct from rat Mrp2 (rMrp2), mouse Mdr1a/1b
(mMdr1a/1b), and mBcrp1. However, there may be a species
difference in the mechanisms of FEX biliary excretion be-
tween rats and mice. Mrp2�/� mice have been established,
and the impact of mMrp2 on the pharmacokinetics of some
drugs and toxins has been characterized (Chu et al., 2006;
Vlaming et al., 2006). Therefore, to clarify the biliary excre-
tion mechanisms of FEX in greater detail, we investigated
whether FEX is accepted by hBCRP and hBSEP/rBsep in in
vitro studies and demonstrated the importance of mMrp2 in
its biliary excretion using Mrp2�/� mice.

On the other hand, it has become clear that MRP3 (ABCC3)
and MRP4 (ABCC4) are important transporters in sinusoidal
efflux (Borst et al., 2007). MRP3 can transport a wide variety of
organic anions, such as glucuronides, glutathione conjugates,
bile acids, and methotrexate (Hirohashi et al., 1999, 2000; Kool
et al., 1999; Zelcer et al., 2001; Zeng et al., 2001). Because
rMrp3 is expressed at low levels in normal rat liver and its
expression markedly increases in Eisai hyperbilirubinemic rats
(Hirohashi et al., 1998), the physiological role of rMrp3 has been
believed to be the protection of hepatocytes from intrahepatic
toxins such as bile acids only under pathological conditions (e.g.,
cholestasis). Recent in vivo studies using Mrp3�/� mice suggest
that mMrp3 contributes to sinusoidal efflux of various glucuro-
nide conjugates (Borst et al., 2007). The substrate specificity of
MRP4 overlaps with that of MRP3, but it is somewhat distin-
guished from MRP3 by its ability to transport nucleotide ana-
logs (van Aubel et al., 2002; Reid et al., 2003). The physiological
function of MRP4 in hepatocytes is considered to protect hepa-
tocytes from bile acids under cholestatic conditions as if it is
up-regulated during cholestasis (Keitel et al., 2005; Mennone et
al., 2006). Because both hMRP3 and hMRP4 are expressed in
human liver under physiological conditions (Konig et al., 1999;
Rius et al., 2003), these transporters may also be involved in the
hepatic distribution of drugs. Therefore, we investigated the
role of MRP3 and MRP4 in the sinusoidal efflux of FEX using
hMRP3- and hMRP4-enriched membrane vesicles and Mrp3�/�

and Mrp4�/� mice.

Materials and Methods
Materials

[3H]Estradiol-17�-D-glucuronide (EG; 45 Ci/mmol) and [3H]tau-
rocholate (TC; 3.5 Ci/mmol) were purchased from PerkinElmer
Life and Analytical Sciences (Waltham, MA). [3H]Pitavastatin (44.6
Ci/mmol) was donated by Kowa Co. Ltd. (Tokyo, Japan). FEX hydro-
chloride was purchased from Toronto Research Chemicals (North

York, ON, Canada). All other chemicals and reagents were of ana-
lytical grade and were commercially available.

Animals

Male FVB mice (wild type) and Mrp2�/� mice were described
previously (Vlaming et al., 2006). Male FVB mice (wild type) and
Mrp3�/� mice were kindly donated by Dr. P. Borst (Division of
Molecular Biology and Cancer of Biomedical Genetics, The Nether-
lands Cancer Institute, Amsterdam, the Netherlands) (Zelcer et al.,
2006). Male C57BL/6 mice (wild type) and Mrp4�/� mice were kindly
donated by Dr. J. D. Schuetz (Department of Pharmaceutical Sci-
ences, St. Jude Children’s Research Hospital, Memphis, TN) (Leggas
et al., 2004). All animals were maintained under standard conditions
with a reverse dark-light cycle and were treated humanely. Food and
water were available ad libitum. All of the animal studies performed
in this article were approved by the Institutional Animal Care Com-
mittee and carried out in accordance with the guidelines provided by
the Institutional Animal Care Committee (Graduate School of Phar-
maceutical Sciences, The University of Tokyo, Tokyo, Japan).

Cell Culture

hOATP1B3-expressing MDCKII cells and vector-transfected con-
trol cells used in this study were constructed previously (Ishiguro et
al., in press). Transporter-expressing, vector-transfected MDCKII or
parent HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium (low glucose) (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 1%
antibiotic-antimycotic solution (Sigma-Aldrich) at 37°C under 5%
CO2 and 95% humidity.

Construction of hBSEP- and hBCRP-Expressing Cells

To construct MDCKII cells expressing hBSEP and hBCRP, MD-
CKII cells were infected with recombinant adenovirus harboring
hBSEP and hBCRP cDNA at a multiplicity of infection of 150, 48 h
before all experiments. The virus titer was determined as described
previously (Hayashi et al., 2005).

Transcellular Transport Study

The transcellular transport study was performed as reported pre-
viously (Matsushima et al., 2005). In brief, MDCKII cells were grown
on Transwell membrane inserts (6.5 mm diameter, 0.4 �m pore size;
Corning Costar, Bodenheim, Germany) at confluence for 7 days, and
the expression level of transporters was induced by the replacement
of culture medium with that supplemented with 5 mM sodium bu-
tyrate 48 h before the transport study. Cells were first washed with
Krebs-Henseleit buffer (118 mM NaCl, 23.8 mM NaHCO3, 4.83 mM
KCl, 0.96 mM KH2PO4, 1.20 mM MgSO4, 12.5 mM HEPES, 5.0 mM
glucose, and 1.53 mM CaCl2 adjusted to pH 7.4) at 37°C. Thereafter,
Krebs-Henseleit buffer containing substrates was added either to the
apical compartments (250 �l) or to the basolateral compartments (1
ml). After a designated period, 50 �l of medium was taken from the
opposite side to the added substrate. When using FEX as a substrate,
50-�l aliquots were used for LC/MS quantification as described be-
low. When using [3H]pitavastatin as a substrate, the radioactivity in
the sample was measured in a liquid scintillation counter (LS6000SE;
Beckman Coulter, Fullerton, CA). At the end of the experiments, cells
were washed with ice-cold Krebs-Henseleit buffer and solubilized in 500
�l of 0.2 N NaOH. After the addition of 100 �l of 1 N HCl, 50-�l aliquots
were used to determine protein concentrations by the method of Lowry
with bovine serum albumin as a standard.

Transport Studies with Membrane Vesicles

Membrane vesicles were prepared from human BSEP-, rat Bsep-,
human MRP3-, and human MRP4-transfected HEK293 cells accord-
ing to the method described previously (Hayashi et al., 2005;
M. Hirouchi, H. Kusuhara, and Y. Sugiyama, unpublished observa-
tions). The transport studies were performed using a rapid filtration
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technique. In brief, 15 �l of transport medium (10 mM Tris-HCl, 250
mM sucrose, and 10 mM MgCl2, pH 7.4) containing FEX, EG, or TC
was preincubated at 37°C for 3 min and then rapidly mixed with 5 �l
of membrane vesicle suspension (10-�g time course study or 15 �g of
protein for saturation study). The reaction mixture contained 5 mM
ATP or AMP, along with the ATP-regenerating system (10 mM
creatinine phosphate and 100 �g/�l creatinine phosphokinase). The
transport reaction was terminated by the addition of 1 ml of ice-cold
stop solution (containing 10 mM Tris-HCl, 250 mM sucrose, and 0.1
N NaCl, pH 7.4). The reaction mixture was passed through a
0.45-�m HA filter (Millipore Corporation, Billerica, MA) and then
washed twice with 5 ml of stop solution. FEX retained on the filter
was then quantified by LC/MS as described below. In the case of
[3H]EG and [3H]TC, filters with trapped membrane vesicles were
mixed with scintillation cocktail (Clear-sol I; Nacalai Tesque, Tokyo,
Japan), and the radioactivity retained on the filter was determined
in a liquid scintillation counter (LS6000SE; Beckman Coulter).

Intravenous Constant Infusion Studies in Mice

Mice weighing approximately 24 to 32 g were used throughout the
experiments. Under anesthesia with pentobarbital sodium (Nembu-
tal; Dainippon Pharmaceutical, Osaka, Japan), the jugular vein was
cannulated with a polyethylene catheter (PE-10; BD Biosciences,
Sparks, MD) for the injection of FEX. The bile duct was cannulated
with a Teflon tube (UT-3; Unique Medical, Tokyo, Japan) for bile
collection, and the urinary bladder was cannulated with a Teflon
tube (industrial use) for urine collection. The mice received a con-
stant infusion of FEX at a dose of 623 to 804 nmol/h/kg of body weight
for 180 min (Harvard Apparatus syringe infusion pump; Harvard
Apparatus Inc., Holliston, MA). Because mice were anesthetized
throughout the experiment, they were kept warm with a hot plate for
experimental animals (Natsume Seisakusyo, Tokyo, Japan). Bile and
urine were collected in preweighed test tubes at 20-min intervals
throughout the experiment. Blood samples (approximately 30 �l)
were collected from the jugular vein at 120, 140, 160, and 180 min
after starting the infusion. Plasma was prepared by centrifuging the
blood samples (3000g). The mice were sacrificed after 180 min, and
the entire liver, kidney, and brain were excised immediately. The
tissues were weighed and stored at �80°C until the assay.

Kinetic Analyses in the Infusion Study The steady-state
plasma concentration (Css) was assessed as the mean plasma con-
centration at 120, 140, 160, and 180 min, whereas the steady-state
liver (Cliver), kidney (Ckidney), and brain (Cbrain) concentrations were
determined at 180 min. The total plasma clearance (CLtot,plasma) was
obtained by dividing the infusion rate by Css. The biliary and urinary
clearances (CLbile,plasma, CLurine,plasma) gave the mean clearance val-
ues calculated by dividing the biliary and urinary excretion rates
(Vbile, Vurine) by Css. CLbile,liver was the biliary clearance based on
Cliver. The Kp,liver, Kp,kidney, and Kp,brain represented the ratio of Cliver,
Ckidney, and Cbrain to Css, respectively.

Liver Uptake Index Study

Under anesthesia with pentobarbital sodium (Nembutal), the por-
tal vein of male FVB and Mrp3�/� mice (weighing 28–32 g) was
cannulated with polyethylene tubing (PE-10). FEX dissolved in
mouse plasma was rapidly injected into the portal vein. At 17 s after
the bolus administration of FEX (10 nmol/kg of body weight), which
is long enough for the bolus to pass completely through the liver but
short enough to prevent recirculation of the compound, the portal
vein, hepatic artery, and bile duct were cut, and the liver was
excised. The tissue was weighed and stored at �80°C until assay.

LC/MS Analyses

Sample Pretreatment. The aliquots (50 �l) obtained from the
transcellular transport study were precipitated with 200 �l of meth-
anol containing 10 nM midazolam as an internal standard. After
centrifugation (15,000g, 10 min, 4°C) of the mixture, 50 �l of 0.05%

formic acid was added to 50 �l of supernatant. In the membrane
vesicle studies, FEX retained on the filter was recovered in 1 ml of
methanol containing 1 nM midazolam as an internal standard by
sonication for 15 min. After centrifugation, the supernatants (750 �l)
were evaporated using a centrifugal concentrator (CC-105; TOMY,
Tokyo, Japan), and dissolved in 100 �l of mobile phase (see LC/MS
Instrumentation and Operating Conditions). Plasma (5 �l) obtained
from the infusion study was mixed with 15 �l of 0.05% volume of
formic acid and precipitated with methanol (80 �l) containing mida-
zolam (50 nM) as an internal standard. Bile (2 �l) obtained from the
infusion study was mixed with 48 �l of 0.05% volume of formic acid.
Then, 90 �l of 0.05% volume of formic acid was added to 10 �l of the
mixed solution and precipitated with methanol (250 �l) containing
the internal standard. Urine (10 �l) obtained from the infusion study
was precipitated with methanol (500 �l) containing midazolam (in-
ternal standard). Liver, kidney, and brain obtained from the infusion
study or the liver uptake index (LUI) study were added to a 3-fold
volume of PBS and homogenized with a handy-type homogenizer
(Multipro 395; Dremel Corporation, Racine, WI). Homogenate (50 �l)
obtained from the liver and kidney was precipitated with methanol
(750 �l) containing midazolam (internal standard) and then centri-
fuged, and the supernatant was diluted with an equal volume of
0.05% volume of formic acid. Homogenate (50 �l) obtained from the
brain was precipitated with methanol (500 �l) containing 5 nM
midazolam as an internal standard and centrifuged, and then the
supernatant (400 �l) was evaporated using a centrifugal concentra-
tor (CC-105) and dissolved in 80 �l of mobile phase. The obtained
samples were subjected to the LC/MS analysis to determine the
concentration of FEX.

LC/MS Instrumentation and Operating Conditions. An LC/
MS-2010 EV equipped with a Prominence LC system (Shimadzu,
Kyoto, Japan) was used for the analysis. The samples were separated
on a CAPCELL PAK C18 MG column (3 �m, 4.6 mm internal diam-
eter, 75 mm; Shiseido, Tokyo, Japan) in binary gradient mode. The
mobile phase consisted of 0.05% formic acid and methanol. The
methanol concentration was initially 48% and then was linearly
increased up to 61.5% over 4.5 min. Finally, the column was re-
equilibrated at a methanol concentration of 48% for 3 min. The total
run time was 7.5 min. FEX and midazolam were eluted at 4.1 and 2.8
min, respectively. In the mass analysis, FEX and midazolam were
detected at a mass-to-charge ratio of 502.3 and 326.1 under positive
ionization conditions. The interface voltage was 3.5 kV, and the
nebulizer gas (N2) flow was 1.5 L/min. The heat block and curved
desolvation line temperatures were 200 and 150°C, respectively.

Quantification of mRNA and Protein Expression Levels of
the Hepatic Transporters in Mice

Total RNA was isolated from the livers of three wild-type FVB
mice and Mrp3�/� mice using ISOGEN (Nippon Gene, Tokyo, Japan)
and converted to cDNA using a random primer. Real-time quantitative
PCR was performed using a QuantiTect SYBR Green PCR kit (QIA-
GEN, Valencia, CA) and LightCycler system (Roche Diagnostics, Mann-
heim, Germany) according to the manufacturers’ instructions. The
primers used in the quantification are listed in Table 1. G3pdh was used
as a housekeeping gene for the internal standard. An external standard
curve was generated by dilution of the target PCR product, which was
purified by agarose gel electrophoresis. The absolute concentration of
external standard was measured by PicoGreen dsDNA Quantification
Reagent (Invitrogen). To confirm the amplification specificity, PCR
products were subjected to a melting curve analysis and gel electro-
phoresis. All gene expressions in each reaction were normalized by the
expression of G3pdh in the same sample.

For Western blot analyses, crude membrane was prepared from
the livers of five wild-type FVB and Mrp3�/� mice according to the
method used in the previous report (Niinuma et al., 1999). After the
crude membrane was suspended in PBS, it was frozen in liquid N2

and stored at �80°C until used. The protein concentration in the
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crude membrane vesicles was determined by the method of Lowry
with bovine serum albumin as a standard. The membrane fraction
was dissolved in 3� SDS sample buffer (New England Biolabs,
Ipswich, MA) and loaded on to a 7 or 12.5% SDS-polyacrylamide
electrophoresis gel with a 4.4% stacking gel. The molecular weight
was determined using a prestained protein marker (New England
Biolabs). Proteins were transferred electrophoretically to a polyvi-
nylidene difluoride membrane (Pall, East Hills, NY) using a blotter
(Trans-blot; Bio-Rad Laboratories, Hercules, CA) at 15 V for 1 h. The
membrane was blocked with PBS containing 5% skimmed milk over-
night at 4°C. After washing with Tris-buffered saline with 0.05%
Tween 20, the membrane was incubated at room temperature in PBS

containing 5% skimmed milk with 125-fold diluted anti-Mrp2 mono-
clonal antibody (M2III-6; Alexis, Gruenberg, Germany) for 2 h, 100-
fold diluted anti-Mdr1 monoclonal antibody (C219; Signet, Dedham,
MA) for 1 h, 200-fold diluted anti-Bcrp monoclonal antibody (BXP-
53; Signet) for 2 h, 500-fold diluted anti-Bsep polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) for 3 h, 1000-fold di-
luted anti-Mrp3 polyclonal antibody for 2 h (Akita et al., 2002),
100-fold diluted anti-Mrp4 monoclonal antibody (M4I-10; Abcam,
Cambridge, UK) for 1 h, or 1000-fold diluted anti-mouse �-actin
monoclonal antibody (Millipore) for 2 h. For the detection of mMrp2,
mMdr1, mBcrp, mMrp4, and m�-actin, the membrane was placed in
contact with 1000-fold diluted Alexa Flour 680 goat anti-mouse IgG
(Invitrogen) for 1 h. For the detection of mMrp3, the membrane was
placed in contact with 1000-fold diluted Alexa Flour 680 goat anti-
rabbit IgG (Invitrogen). For the detection of mBsep, the membrane
was placed in contact with 1000-fold diluted Alexa Flour 680 donkey
anti-goat IgG (Invitrogen). The fluorescence was assessed in a den-
sitometer (Odessey; ALOKA, Tokyo, Japan).

Measurement of the Concentration of Total Bile Acids and
GSH in the Liver and Bile in FVB Mice and Mrp3�/� Mice. Mice
of both strains, weighing approximately 30 g, were used throughout
the experiments. Under anesthesia with pentobarbital sodium
(Nembutal; Dainippon Pharmaceutical), the bile duct was cannu-
lated with a Teflon tube (UT-3) for bile collection. Bile was collected
in preweighed test tubes for a designated time. For the measurement
of GSH, bile was collected in tubes filled with 5% metaphosphoric
acid-dissolved solution. After collecting bile, the mice were sacrificed,
and the entire liver was excised immediately. The liver was weighed,

TABLE 1
Nucleotide sequences of the primers used in real-time quantitative
PCR

Transporter Forward Primer Reverse Primer

Oatp1a1 cagataaatggatttgccag gtcaacaaatagttacagag
Oatp1a4 atagcttcaggcgcatttac ttctccatcattctgcatcg
Oatp1b2 ttcaccacaacaatggccta ttttccccacagacaggttc
Mrp2 tctctggtttgcctgtta gcagaagacaatcaggttt
Mrp3 gctctcacaaggtggtacaa caggttgaaacaggcactca
Mrp4 gatcgcctacgtttctcagc ccggtctcctataaccgtca
Mdr1a tcattgcgatagctggag caaacttctgctcccgagtc
Mdr1b acctgctgttggcgtatttg ttcctccagactgctgttgc
Bcrp aaatggagcacctcaacctg cccatcacaacgtcatcttg
Bsep aaatcggatggtttgactgc tgacagcgagaatcaccaag
Mate1 aacaccatctcccagtttgc gccaaggataccactcagga
G3pdh tgcgacttcaacagcaactc cttgctcagtgtccttgctg

A control B OATP1B3 C BSEP D OATP1B3
BSEP

E control F OATP1B3 G BCRP H OATP1B3
BCRP

I control J OATP1B3 K BCRP L OATP1B3
BCRP
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Fig. 1. Time profiles for the transcellular transport of FEX and pitavastatin across hOATP1B3-, hBSEP-, and hBCRP-expressing MDCKII cell
monolayers. Transcellular transport of 5 �M FEX (A–H) and 0.1 �M pitavastatin (I–L) across MDCKII cell monolayers expressing hOATP1B3 (B, F,
and J), hBSEP (C), hBCRP (G and K), both hOATP1B3 and hBSEP (D), and both hOATP1B3 and hBCRP (H and L) was compared with that across
the control MDCKII cell monolayer (A, E, and I). Open and closed circles represent the transcellular transport in the apical-to-basal and basal-to-apical
direction, respectively. Each point and vertical bar represent the mean � S.E. of three determinations. Where no vertical bar is shown, the S.E. was
contained within the limits of the symbol.
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and a part of it was placed in metaphosphoric acid solution (for the
measurement of GSH); the remainder was placed in PBS. Each
tissue was homogenized using a handy-type homogenizer (Multipro
395). The concentrations of total bile acids and GSH in bile and liver
homogenate were measured using assay kits (total bile acids: Wako,
Osaka, Japan; GSH: Oxis, Portland, OR).

Statistical Analyses. Statistical differences were analyzed by
using Student’s t test to identify significant differences between two
sets of data. Significant differences were considered to be present at
p � 0.05.

Results
Transcellular Transport of FEX and Pitavastatin

across the MDCKII Cell Monolayer. To examine whether
FEX is a substrate of hBSEP and hBCRP, transcellular
transport of 5 �M FEX across the MDCKII monolayer was

determined in hOATP1B3/hBSEP and hOATP1B3/hBCRP
double transfectants. The basal-to-apical transport of FEX
was approximately 2.6 times greater than that in the oppo-
site direction in hOATP1B3/hBSEP double transfectants
(Fig. 1D), whereas the difference in each direction of trans-
port of FEX was no more than 2-fold in control cells and
hOATP1B3 and hBSEP single transfectants (Fig. 1, A–C).
The difference in each direction of transport of FEX was no
more than 2-fold in control cells, and hOATP1B3, hBCRP,
and hOATP1B3/hBCRP transfectants (Fig. 1, E–H). On the
other hand, the basal-to-apical transport of 0.1 �M pitava-
statin, a bisubstrate of hOATP1B3 and hBCRP (Hirano et al.,
2005b), was approximately 2.6 and 2.9 times greater than
that in the opposite direction in transfectants expressing
hBCRP and hOATP1B3/hBCRP (Fig. 1, K and L), respec-
tively, whereas the difference in each direction of transport of
pitavastatin was no more than 2-fold in control cells and
hOATP1B3 transfectants (Fig. 1, I and J).

ATP-Dependent Transport of FEX by hBSEP and rB-
sep. To examine the substrate specificity of hBSEP and
rBsep for FEX, membrane vesicles were prepared from
HEK293 cells either infected with recombinant adenovirus
harboring hBSEP, rBsep, or GFP cDNA. The uptake clear-
ance of 0.1 �M TC as a positive control by hBSEP and rBsep
after a 2-min incubation at 37°C in the presence of ATP or
AMP was 788 and 43.6 �l/mg protein (hBSEP; mean, n � 2),
378 and 43.3 �l/mg protein (rBsep; mean, n � 2), respec-
tively. The time-dependent uptake of 10 �M FEX by hBSEP-
and rBsep-enriched membrane vesicles is shown in Fig. 2, A

TABLE 2
Pharmacokinetic parameters of FEX during constant intravenous
infusion into FVB mice (n � 5) and Mrp2�/� mice (n � 6)
Data represent the mean � S.E. (n � 5 or 6). The meanings of these parameters are
explained under Materials and Methods.

Parameters FVB Mice
(n � 5)

Mrp2�/� Mice
(n � 6)

Css (nM)a 414 � 54 597 � 49*
CLtot,plasma (ml/min/kg b.wt.) 29.8 � 3.9 20.1 � 1.4*
CLbile,plasma (ml/min/kg b.wt.) 9.48 � 0.82 3.38 � 0.38**
CLbile,liver (ml/min/kg b.wt.) 0.250 � 0.053 0.198 � 0.022
Vbile (nmol/min/kg b.wt.) 3.71 � 0.32 1.93 � 0.14**
Bile flow rate (�l/min/kg b.wt.) 64.0 � 7.1 53.1 � 4.6
Kp,liver 40.7 � 6.8 16.2 � 2.0*
CLurine,p (ml/min/kg b.wt.) 16.9 � 2.3 15.2 � 3.2
Vurine (nmol/min/kg b.wt.) 6.59 � 0.91 8.66 � 1.79
GFR (ml/min/kg b.wt.) 17.3 � 0.9 17.7 � 2.5
Kp,kidney 22.7 � 4.4 21.8 � 3.1
Kp,brain 0.0183 � 0.0028 0.0190 � 0.0043

GFR, glomerular filtration rate.
a Corrected steady-state plasma concentration at the infusion rate of 700 nmol/

h/kg.
* p � 0.05
** p � 0.01.
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Fig. 2. The uptake of FEX in the membrane vesicles prepared from
hBSEP- (A and C) and rBsep- (B and D) expressing HEK293 cells. A and
B, the uptake of 10 �M FEX by hBSEP (A) and rBsep (B) for 5 min was
examined at 37°C in the buffer containing 5 mM ATP (closed symbols) or
AMP (open symbols). Circles and squares represent the uptake in hB-
SEP- (A) or rBsep- (B) and GFP-enriched membrane vesicles, respec-
tively. C and D, the concentration-dependent uptake of FEX by hBSEP
(C) and rBsep (D) was examined at 37°C in the medium containing 5 mM
ATP (closed columns) or AMP (open columns). Each point and vertical bar
represent the mean � S.E. (n � 3). Where no vertical bars are shown, the
S.E. values were contained within the limits of symbols. �, p � 0.05; ��,
p � 0.01.
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* * Fig. 3. Plasma concentration, biliary excre-
tion rate, and urinary excretion rate of FEX
during constant intravenous infusion into
FVB mice and Mrp2�/� mice. The plasma
concentration (A), biliary excretion rate (B),
and urinary excretion rate (C) of FEX were
determined during constant intravenous in-
fusion into FVB mice (E) and Mrp2�/� mice
(F). Each point and vertical bar represent the
mean � S.E. (FVB mice, n � 5; Mrp2�/� mice,
n � 6). �, p � 0.05; ��, p � 0.01.
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and B. The uptake of FEX was significantly stimulated by
ATP in membrane vesicles prepared from hBSEP- and rB-
sep-enriched cells but not in those from HEK293 cells in-
fected with GFP cDNA-harboring recombinant adenovirus.
The concentration-dependent uptake of FEX is shown in Fig.
2, C and D. The uptake clearance in the presence of ATP was
saturated in hBSEP- and rBsep-enriched membrane vesicles.
However, the Michaelis constant (Km) could not be evaluated
because we could not measure the uptake clearance at less
than 3 �M because this was lower than the detection limit.

Steady-State Pharmacokinetics of FEX in Wild-Type
FVB and Mrp2�/� Mice. Although the previous study sug-
gests that rMrp2 is not involved in the biliary excretion of
FEX, there may be a species difference in the mechanism of
FEX biliary excretion between rats and mice. Therefore, in-
travenous constant infusion into wild-type FVB and Mrp2�/�

mice was performed. The plasma concentration, biliary ex-
cretion, and urinary excretion of FEX at steady state in
wild-type FVB and Mrp2�/� mice are shown in Fig. 3. The
pharmacokinetic parameters are summarized in Table 2. The
plasma concentrations of FEX reached steady state within
120 min during the constant infusion to both strains of mice
(Fig. 3A). The Css in Mrp2�/� mice significantly increased,
and the CLtot,plasma significantly decreased compared with
the values for FVB mice (p � 0.05). The CLbile,plasma and
Kp,liver in Mrp2�/� mice significantly decreased compared
with that for FVB mice (p � 0.01), whereas the CLbile,liver in
Mrp2�/� mice slightly decreased by 20% in comparison with
FVB mice, although the difference was not statistically sig-
nificant. There were no statistically significant differences in
the other parameters.

ATP-Dependent Transport of FEX by hMRP3 and
hMRP4. To examine whether sinusoidal efflux transporters
hMRP3 and hMRP4 can accept FEX as a substrate, mem-
brane vesicles were prepared from HEK293 cells infected
with recombinant adenovirus harboring hMRP3, hMRP4, or
GFP cDNA. As a positive control, the uptake of 0.1 �M EG by
hMRP3 and hMRP4 after a 2-min incubation at 37°C in the
presence of ATP or AMP was 298 and 3.26 �l/mg protein
(hMRP3; mean, n � 2) and 170 and 5.17 �l/mg protein
(hMRP4; mean, n � 2), respectively. The time-dependent
uptake of 10 �M FEX by hMRP3- and hMRP4-enriched mem-
brane vesicles is shown in Fig. 4, A and B. The uptake of FEX
was significantly stimulated by ATP in membrane vesicles
prepared from only hMRP3-expressing cells but not in those
from hMRP4- and GFP-expressing cells. The concentration-
dependent uptake of FEX is shown in Fig. 4C. The uptake
clearance in the presence of ATP was saturated in hMRP3-
enriched membrane vesicles. However, the Michaelis con-
stant (Km) could not be evaluated because we could not mea-
sure the uptake clearance at less than 3 �M because this was
lower than the detection limit.

Steady-State Pharmacokinetics of FEX in Wild-Type
FVB Mice and Mrp3�/� Mice. To investigate the effect of
mMrp3 on the pharmacokinetics of FEX in vivo, intravenous
constant infusion into Mrp3�/� mice was performed. The
plasma concentration, biliary excretion, and urinary excretion
of FEX at steady state in wild-type FVB and Mrp3�/� mice are
shown in Fig. 5, and the pharmacokinetic parameters are sum-
marized in Table 3. The plasma concentrations of FEX reached
steady-state within 120 min during the constant infusion to
both strains of mice (Fig. 5A). The Css in Mrp3�/� mice signif-
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Fig. 4. The uptake of FEX in the membrane vesicles prepared from hMRP3- (A and C) and hMRP4- (B) expressing HEK293 cells. A and B, the uptake
of 10 �M FEX by hMRP3 (A) and hMRP4 (B) was examined at 37°C in the medium containing 5 mM ATP (closed symbols) or AMP (open symbols).
Circles and squares represent the uptake in hMRP3- (A) or hMRP4- (B) and GFP-enriched membrane vesicles, respectively. C, the concentration-
dependent uptake of FEX by hMRP3 was examined at 37°C in the medium containing 5 mM ATP (closed columns) or AMP (open columns). Each point
and vertical bar represent the mean � S.E. (n � 3). Where no vertical bars are shown, the S.E. values were contained within the limits of symbols.
��, p � 0.01.
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Fig. 5. Plasma concentration, biliary excre-
tion rate, and urinary excretion rate of FEX
during constant intravenous infusion into
FVB mice and Mrp3�/� mice. The plasma
concentration (A), biliary excretion rate (B),
and urinary excretion rate (C) of FEX were
determined during constant intravenous
infusion into FVB mice (E) and Mrp3�/�

mice (F). Each point and vertical bar repre-
sent the mean � S.E. (FVB mice, n � 7;
Mrp3�/� mice, n � 6). Where no vertical
bars are shown, the S.E. values were con-
tained within the limits of symbols. �, p �
0.05; ��, p � 0.01.
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icantly decreased and the CLtot,plasma significantly increased
compared with that in FVB mice (p � 0.01). The CLbile,plasma

and Kp,liver in Mrp3�/� mice significantly increased compared
with that in FVB mice (CLbile,plasma, p � 0.01; Kp,liver, p � 0.05)
and the CLbile,liver in Mrp3�/� mice significantly increased (p �
0.01). There were no statistically significant differences in the
other parameters.

Steady-State Pharmacokinetics of FEX in Wild-Type
C57BL/6 Mice and Mrp4�/� Mice. To investigate the effect
of mMrp4 on the pharmacokinetics of FEX in in vivo, intra-
venous constant infusion into Mrp4�/� mice was performed.
The plasma concentration, biliary excretion, and urinary ex-
cretion of FEX at steady-state in wild-type C57BL/6 and
Mrp4�/� mice are shown in Fig. 6 and the pharmacokinetic
parameters are summarized in Table 4. The plasma concen-
trations of FEX reached steady-state within 120 min during
the constant infusion to both strains of mice (Fig. 6A). There
were no statistically significant differences in any of the
evaluated parameters.

LUI Study in Wild-Type FVB Mice and Mrp3�/� mice.
The CLbile,plasma and Kp,liver in Mrp3�/� mice significantly
increased compared with that in FVB mice as mentioned
previously. One of the possible reasons is the increase in the
uptake clearance of FEX in Mrp3�/� mice. Therefore, we
measured the initial uptake clearance of FEX in Mrp3�/�

mice and FVB mice by using LUI experiment. After FEX (10
nmol/kg of body weight) was injected into the portal vein of
wild-type FVB mice and Mrp3�/� mice, the hepatic extrac-
tion ratio was calculated. There was no significant difference

in the extraction ratio between the FVB mice (0.885 � 0.014;
mean � S.E., n � 3) and Mrp3�/� mice (0.885 � 0.022;
mean � S.E., n � 3).

Relative Expression of Oatps, Mrps, Bcrp, Bsep, and
Multidrug and Toxin Compound Extrusion 1 in the
Liver, Bile Flow Rate, and Biliary Excretion of Total
Bile Acids and GSH in Wild-Type FVB and Mrp3�/�

Mice. The various kinetic parameters of FEX and the bile
flow rate were changed in the Mrp3�/� mice. It is possible
that the expression levels of hepatic transporters are differ-
ent between Mrp3�/� and FVB mice. Therefore, the hepatic
mRNA and protein expression levels of the transporters in-
volved in drug transport were compared between FVB and
Mrp3�/� mice using real-time quantitative PCR and Western
blot analyses (Table 5 and Fig. 7). The no expression of Mrp3
mRNA and protein was confirmed in Mrp3�/� mice. The
mRNA levels of mOatp1b2 and mouse multidrug and toxin
compound extrusion 1 (mMate1) significantly decreased in
Mrp3�/� mice (p � 0.05), whereas mBcrp significantly in-
creased (p � 0.05; Table 5). However, these differences were
no more than 2-fold. There were no statistically significant
differences in the mRNA levels of the other transporters. The
protein expression levels of the transporters in the crude
membrane fraction normalized by the expression level of
�-actin were also evaluated. There were less than 2-fold
differences in the protein levels of mMrp2, mMrp4, mBsep,
mMdr1, and mBcrp (Fig. 7). Because it is generally accepted
that the bile flow rate depends on the biliary excretion of
GSH and bile acids, the bile flow rate and biliary excretion of
total bile acids and GSH were examined in wild-type FVB
mice and Mrp3�/� mice and summarized in Table 5. The bile
flow rate significantly increased in Mrp3�/� mice compared
with FVB mice. Although the excretion rate of GSH in
Mrp3�/� mice was approximately 1.3 times higher than that
in FVB mice, the efflux clearance based on liver concentra-
tion in Mrp3�/� mice was not significantly different from
that in FVB mice. And there is no statistically significant
difference in the biliary excretion of total bile acids between
FVB mice and Mrp3�/� mice.

Discussion
In the present study, we examined which hepatic efflux

transporters can recognize FEX as a substrate by using
transporter-expressing cells and membrane vesicles. We also
investigated the importance of Mrp2, Mrp3, and Mrp4 in the
in vivo pharmacokinetics of FEX by using the corresponding
knockout mice.

The basal-to-apical transport of FEX was larger than the
apical-to-basal transport in the hOATP1B3/hBSEP double
transfectant but not in the hOATP1B3/hBCRP double trans-

TABLE 3
Pharmacokinetic parameters of FEX during constant intravenous
infusion into FVB mice (n � 7) and Mrp3�/� mice (n � 6)
Data represent the mean � S.E. (n � 6 or 7). The meanings of these parameters are
explained under Materials and Methods.

Parameters FVB Mice
(n � 7)

Mrp3�/� Mice
(n � 6)

Css (nM)a 382 � 46 214 � 11**
CLtot,plasma (ml/min/kg b.wt.) 33.6 � 3.8 56.1 � 3.1**
CLbile,plasma (ml/min/kg b.wt.) 9.32 � 1.01 25.9 � 1.1**
CLbile,liver (ml/min/kg b.wt.) 0.235 � 0.025 0.495 � 0.023**
Vbile (nmol/min/kg b.wt.) 3.17 � 0.27 5.64 � 0.19**
Bile flow rate (�l/min/kg b.wt.) 53.7 � 3.4 88.6 � 7.4*
Kp,liver 37.9 � 3.4 48.0 � 2.1*
CLurine,p (ml/min/kg b.wt.) 14.2 � 2.3 19.0 � 1.8
Vurine (nmol/min/kg b.wt.) 4.84 � 0.91 4.11 � 0.30
GFR (ml/min/kg b.wt.) 15.1 � 2.1 19.9 � 1.8
Kp,kidney 23.5 � 2.3 24.8 � 2.1
Kp,brain 0.0169 � 0.0016 0.0171 � 0.0021

GFR, glomerular filtration rate.
a Corrected steady-state plasma concentration at the infusion rate of 700 nmol/

h/kg.
* p � 0.05
** p � 0.01.
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A B C Fig. 6. Plasma concentration, biliary excre-
tion rate, and urinary excretion rate of FEX
during constant intravenous infusion into
C57BL/6 mice and Mrp4�/� mice. The plasma
concentration (A), biliary excretion rate (B),
and urinary excretion rate (C) of FEX were
determined during constant intravenous in-
fusion into C57BL/6 mice (E) and Mrp4�/�

mice (F). Each point and vertical bar repre-
sent the mean � S.E. (C57BL/6 mice, n � 4;
Mrp4�/� mice, n � 3). Where no vertical bars
are shown, the S.E. values were contained
within the limits of symbols.
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fectant (Fig. 1). Moreover, ATP-dependent uptake of FEX
was observed in hBSEP- and rBsep-enriched membrane ves-
icles (Fig. 2). These results indicate that FEX is a substrate
of hBSEP and rBsep but not hBCRP. This result is consistent
with a previous in vivo result demonstrating that the absence
of mBcrp1 did not change its biliary excretion. We hypothe-
sized previously that efflux transporters other than rMrp2,
mMdr1, and mBcrp1 contribute to the biliary excretion of
FEX (Tahara et al., 2005). It is interesting that BSEP could
be a potential candidate transporter for its biliary excretion.
BSEP is generally recognized as an efflux transporter for bile
acids. However, recent studies have revealed that BSEP can
also transport nonbile acids such as vinblastine and prava-
statin (Lecureur et al., 2000; Hirano et al., 2005a). Further

investigations to clarify the contribution of BSEP to the bil-
iary excretion of drugs will be of interest.

Although previous results indicated a minor role of rMrp2
in the biliary excretion of FEX in rats (Tahara et al., 2005;
Tian et al., 2008), species difference in the contribution of
Mrp2 might exist between rats and mice. Therefore, to clarify
the contribution of mMrp2 to FEX excretion, an in vivo infu-
sion study was carried out using wild-type mice and Mrp2�/�

mice (Fig. 3 and Table 2). The CLbile,plasma in the Mrp2�/�

mice was approximately one third of that in the FVB mice,
whereas the CLbile,liver in the Mrp2�/� mice was only 20%
lower than that in the FVB mice. The Kp,liver in the Mrp2�/�

mice was much lower than that in the FVB mice. These
results indicate that mMrp2 plays a limited role in the biliary
excretion of FEX in mice, and unknown transporter(s) other
than mMdr1, mMrp2, and mBcrp1 is involved in FEX trans-
port across the canalicular membrane. The possible reason of
the great decrease in the CLbile,plasma in the Mrp2�/� mice
was a decrease in the hepatic uptake clearance and/or an
increase in the sinusoidal efflux clearance from the liver to
the blood. The expression levels of mMrp3 and mMrp4 in the
Mrp2�/� mice are increased compared with wild-type mice,
whereas no change in the expression levels of mOatp trans-
porters in the liver was observed (Chu et al., 2006; Vlaming
et al., 2006). Therefore, the increase in the sinusoidal efflux
of FEX was probably caused by the increase in the expression
of mMrp3 and/or mMrp4. While this article was under re-
view, Tian et al. (2008) published the interesting findings in
which biliary excretion clearance of FEX based on the un-
bound hepatic concentration decreased by more than 50%,
and its hepatic concentration also considerably decreased in
Mrp2�/� mice (Tian et al., 2008). Although the reason for the
difference in the quantitative contribution of mMrp2 between
previous study (in situ perfusion) and current study (in vivo
pharmacokinetics) remains unclear, these results suggest
that mMrp2 may be partly involved in its biliary excretion
and its sinusoidal efflux considerably increases in Mrp2�/�

mice.
To examine the involvement of MRP3 and MRP4 in the

sinusoidal efflux of FEX, in vitro uptake studies using
hMRP3- and hMRP4-enriched membrane vesicles and in vivo
infusion studies using Mrp3�/� and Mrp4�/� mice were per-
formed. ATP-dependent uptake of FEX was only observed in

TABLE 4
Pharmacokinetic parameters of FEX during constant intravenous
infusion into C57BL/6 mice (n � 4) and Mrp4�/� mice (n � 3)
Data represent the mean � S.E. (n � 3 or 4). The meanings of these parameters are
explained under Materials and Methods.

Parameters C57BL/6 Mice
(n � 4)

Mrp4�/� Mice
(n � 3)

Css (nM)a 480 � 49 382 � 29
CLtot,plasma (ml/min/kg b.wt.) 25.5 � 2.9 31.1 � 2.2
CLbile,plasma (ml/min/kg b.wt.) 10.9 � 1.5 15.3 � 1.1
CLbile,liver (ml/min/kg b.wt.) 0.369 � 0.033 0.454 � 0.025
Vbile (nmol/min/kg b.wt.) 5.50 � 0.26 5.50 � 0.18
Bile flow rate (�l/min/kg b.wt.) 71.1 � 11.1 76.6 � 2.2
Kp,liver 28.3 � 3.7 29.5 � 0.4
CLurine,p (ml/min/kg b.wt.) 14.7 � 1.3 17.2 � 3.1
Vurine (nmol/min/kg b.wt.) 7.69 � 0.80 6.13 � 0.85
GFR (ml/min/kg b.wt.) 13.6 � 1.2 12.8 � 2.4
Kp,kidney 15.6 � 1.5 15.6 � 1.7
Kp,brain 0.0210 � 0.0015 0.0210 � 0.0021

GFR, glomerular filtration rate.
a Corrected steady-state plasma concentration at the infusion rate of 700 nmol/

h/kg.
* p � 0.05
** p � 0.01.

TABLE 5
Comparison of mRNA levels of various transporters expressed in
mouse liver, bile flow rate, excretion rate, and efflux clearance based
on the liver concentration of GSH and total bile acids between FVB
mice (n � 3) and Mrp3�/� mice (n � 3)
Data represent the mean � S.E. (n � 3). The meanings of these parameters are
explained under Materials and Methods.

Parameters FVB Mice Mrp3�/� Mice

mRNA expression level normal-
ized by the expression level
of mGAPDH

mOatp1a1 5.20 � 0.63 5.66 � 0.34
mOatp1a4 1.44 � 0.17 1.42 � 0.20
mOatp1b2 4.35 � 0.12 3.02 � 0.43*
mMrp3 1.03 � 0.21 N.D.
mMrp4 0.0460 � 0.0243 0.0255 � 0.0032
mMrp2 18.8 � 2.2 17.8 � 1.73
mMdr1a 0.431 � 0.064 0.231 � 0.006
mMdr1b 0.319 � 0.061 0.356 � 0.117
mBcrp 0.610 � 0.064 0.796 � 0.018*
mBsep 11.3 � 1.5 10.7 � 1.1
mMate1 0.779 � 0.038 0.620 � 0.042*

Bile flow rate (�l/min/kg) 51.9 � 8.6 81.1 � 3.5*
Hepatic GSH concentration (mM) 4.27 � 0.75 5.62 � 0.13
GSH excretion rate (nmol/min/kg) 231 � 37 300 � 54
GSH efflux clearance (�l/min/kg) 54.8 � 3.3 53.3 � 9.1
Total bile acids excretion rate

(�mol/min/kg)
4.21 � 0.64 3.81 � 0.28

Total bile acids efflux clearance
(�l/min/kg)

498 � 67 486 � 28

N.D., not detected.
* p � 0.05.

Bsep

Mrp2

FVB
5 20 5 20

Mrp3(-/-)Amount of 
protein (µg)

Mdr1

Bcrp

β-actin

5 20 5 20
Mrp3
Mrp4

β-actin

FVB Mrp3(-/-)Amount of 
protein (µg)

BA

Fig. 7. Comparison of the protein expression levels of various transport-
ers expressed in the crude membrane of mouse liver between FVB mice
and Mrp3�/� mice using Western blot analyses. The expression levels of
the efflux transporters expressed in bile canalicular membrane (A) and
sinusoidal membrane (B) in the hepatic crude membrane fraction pre-
pared from five FVB mice and Mrp3�/� mice were determined by Western
blot analyses. �-Actin was used for the normalization of the expression
level of each transporter.
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hMRP3-enriched vesicles but not hMRP4- and GFP-enriched
vesicles, indicating that FEX is a substrate of hMRP3 but not
hMRP4 (Fig. 4). Until now, methotrexate and etoposide were
the only unconjugated drugs reported to be transported by
hMRP3 (Zelcer et al., 2001; Zeng et al., 2001). The identifi-
cation of FEX as an MRP3 substrate suggests that it is
worthwhile to check whether other drugs are substrates of
MRP3. In in vivo kinetic analyses, the CLbile,plasma, CLbile-

,liver, and Kp,liver values of FEX in the Mrp3�/� mice were
greater than those in the wild-type mice (Fig. 5 and Table 3),
whereas there was no difference in the pharmacokinetic pa-
rameters between the wild-type and Mrp4�/� mice (Fig. 6
and Table 4). This result is difficult to explain, because if the
increase in the CLbile,plasma was simply caused by the in-
crease in the CLbile,liver, the Kp,liver value should be reduced
in the Mrp3�/� mice, which is opposite to our results. To
resolve this discrepancy, the increase in the uptake clearance
and/or the decrease in the sinusoidal efflux clearance in
Mrp3�/� mice should be considered.

To examine whether the uptake clearance of FEX was
increased in the Mrp3�/� mice, the expression levels of the
Oatp transporters in the liver and the extraction ratio of FEX
estimated by the LUI experiment were compared between
the wild-type mice and the Mrp3�/� mice. The expression
levels of Oatp1a1, Oatp1a4, and Oatp1b2 in the Mrp3�/�

mice were almost the same as or slightly lower than those in
the wild-type mice (Table 5). The extraction ratio of FEX in
Mrp3�/� mice was not different from that in wild-type mice
in the LUI experiment. However, because FEX was highly
extracted into the liver in both strains, and the hepatic up-
take clearance was much larger than the blood flow rate, so
the change of uptake clearance does not affect its extraction
ratio. Therefore, unfortunately we cannot conclude that the
uptake clearance of FEX was not different between the wild-
type and Mrp3�/� mice from this experiment. However, we
have not obtained any evidence indicating that the uptake
clearance of FEX increased in the Mrp3�/� mice. We cur-
rently think that the increase in the Kp,liver value was mainly

caused by the decrease in the sinusoidal efflux by the absence
of Mrp3 expression rather than the enhanced uptake in the
Mrp3�/� mice. Moreover, it can be considered that the in-
crease in the sinusoidal efflux clearance in the Mrp2�/� mice
was mainly due to an increase in the Mrp3 expression on the
sinusoidal membrane.

We were surprised to find that CLbile,liver increased in
Mrp3�/� mice. It is difficult to explain why the efflux via the
canalicular membrane was affected by Mrp3 on sinusoidal
membrane. A significant increase in the bile flow rate was
observed in Mrp3�/� mice in comparison with wild-type mice
(Tables 3 and 5). It is generally accepted that the bile flow
rate depends on the biliary excretion of GSH and bile acids,
which are mainly excreted by Mrp2 and Bsep, respectively
(Elferink and Groen, 2002), so it is possible that the functions
of Mrp2 and Bsep were changed in the Mrp3�/� mice. There-
fore, the mRNA and protein expression levels of Mrp2, Bsep,
and the other efflux transporters expressed in the canalicular
membrane were compared between the wild-type and Mrp3�/�

mice. It was unexpected that the difference in the expression
levels of all the transporters was no more than 2-fold (Table 5
and Fig. 7). In addition, to investigate whether the function of
Mrp2 and Bsep was changed, the biliary excretion clearance
based on the intrahepatic concentration of GSH and total bile
acids was calculated. However, no significant difference in the
clearance of both GSH and bile acids was observed (Table 5). On
the other hand, the excretion rate and hepatic concentration of
GSH in Mrp3�/� mice were slightly higher than those in wild-
type mice (Table 5). Manautou et al. (2005) showed that hepatic
GSH content in untreated Mrp3�/� mice was slightly higher
than that in wild-type mice. Therefore, the increase of hepatic
GSH synthesis in Mrp3�/� mice might lead to an increase in the
bile flow rate after the increase of the excretion rate of GSH.
Thus, mMrp2 and mBsep are not likely to contribute to the
increase of CLbile,liver of FEX in Mrp3�/� mice, and unidentified
transporter(s) may be involved in the excretion of FEX in mice.
It is also possible that the increase in the excretion of GSH
might result in an increase in the secretion of FEX because

wild type mice

MRP4OATPs MRP3

BCRPMRP2

P-gp BSEP ?

Mrp2 (-/-) mice

BCRP

P-gp BSEP ?

OATPs MRP3 MRP4

MRP4OATPs

BCRP

P-gp BSEP

Mrp3 (-/-) mice

?

trans
porter FEX is not a substrate of this transporter.

trans
porter

FEX is a substrate of this transporter, 
but the no contribution to the hepatic 
transport is considered in mice.

trans
porter

Bile

Basolateral
membrane

Canalicular
membrane

Bile
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membrane

Canalicular
membrane

Bile

Basolateral
membrane

Canalicular
membrane

FEX is a substrate of this transporter, 
and might be involved in the membrane 
transport in mice.

Blood

Blood

Blood

MRP2

Fig. 8. Schematic diagrams of the proposed trans-
port mechanisms of FEX in wild-type, Mrp2�/�, and
Mrp3�/� mice. FEX is a substrate of hOATPs,
hMRP2, hMRP3, hBSEP, and P-gp in humans. In
this figure, it is assumed that there is no difference
in the substrate specificity of each transporter for
FEX between humans and mice. In the Mrp2�/�

mice, the expression levels of Mrp3 and Mrp4 are
increased compared with those in the wild-type
mice. In the Mrp3�/� mice, the unidentified trans-
porter(s) may be increased compared with the wild-
type mice.
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GSH is known to stimulate the transport of substrates via
Mrp2 (Van Aubel et al., 1999). Multiplicity of canalicular
transporters has been proposed for the excretion of some
compounds. For example, the excretion of bilirubin glucuro-
nide across the canalicular membrane contains an ATP-in-
dependent transport system, which is stimulated by bicar-
bonate ion in addition to Mrp2 (Adachi et al., 1991). Further
studies are required to clarify the multiple canalicular trans-
port systems for xenobiotics.

The results obtained in the present and previous studies
are summarized in Fig. 8. The in vitro studies clarified that
FEX is a substrate of hBSEP/rBsep and hMRP3. In addition,
the in vivo studies show that mMrp3 plays an important role
in the sinusoidal efflux of FEX and consequently its pharma-
cokinetics, whereas mMrp2 plays a minor role in the cana-
licular excretion of FEX.

Acknowledgments

We are deeply grateful to Dr. Piet Borst and Dr. Koen van de
Wetering (The Netherlands Cancer Institute, Amsterdam, The Neth-
erlands) for donating male Mrp3�/� mice and FVB mice and provid-
ing their fruitful comments. We are deeply grateful to Dr. Junko Iida
and Futoshi Kurotobi (Shimadzu Corporation, Kyoto, Japan) for the
technical support of the LC/MS system. We are deeply grateful to
Atsushi Ose for providing valuable comments about the LC/MS sys-
tem. We appreciate Kowa Co. Ltd. (Tokyo, Japan) for providing
radiolabeled and unlabeled pitavastatin.

References
Adachi Y, Kobayashi H, Kurumi Y, Shouji M, Kitano M, and Yamamoto T (1991)

Bilirubin diglucuronide transport by rat liver canalicular membrane vesicles:
stimulation by bicarbonate ion. Hepatology 14:1251–1258.

Akita H, Suzuki H, Hirohashi T, Takikawa H, and Sugiyama Y (2002) Transport
activity of human MRP3 expressed in Sf9 cells: comparative studies with rat
MRP3. Pharm Res 19:34–41.

Borst P, de Wolf C, and van de Wetering K (2007) Multidrug resistance-associated
proteins 3, 4, and 5. Pflugers Arch 453:661–673.

Byrne JA, Strautnieks SS, Mieli-Vergani G, Higgins CF, Linton KJ, and Thompson
RJ (2002) The human bile salt export pump: characterization of substrate speci-
ficity and identification of inhibitors. Gastroenterology 123:1649–1658.

Chu XY, Strauss JR, Mariano MA, Li J, Newton DJ, Cai X, Wang RW, Yabut J,
Hartley DP, Evans DC, et al. (2006) Characterization of mice lacking the multi-
drug resistance protein MRP2 (ABCC2). J Pharmacol Exp Ther 317:579–589.

Cvetkovic M, Leake B, Fromm MF, Wilkinson GR, and Kim RB (1999) OATP and
P-glycoprotein transporters mediate the cellular uptake and excretion of fexofe-
nadine. Drug Metab Dispos 27:866–871.

Elferink RO and Groen AK (2002) Genetic defects in hepatobiliary transport. Bio-
chim Biophys Acta 1586:129–145.

Hayashi H, Takada T, Suzuki H, Akita H, and Sugiyama Y (2005) Two common
PFIC2 mutations are associated with the impaired membrane trafficking of BSEP/
ABCB11. Hepatology 41:916–924.

Hirano M, Maeda K, Hayashi H, Kusuhara H, and Sugiyama Y (2005a) Bile salt
export pump (BSEP/ABCB11) can transport a nonbile acid substrate, pravastatin.
J Pharmacol Exp Ther 314:876–882.

Hirano M, Maeda K, Matsushima S, Nozaki Y, Kusuhara H, and Sugiyama Y (2005b)
Involvement of BCRP (ABCG2) in the biliary excretion of pitavastatin. Mol Phar-
macol 68:800–807.

Hirohashi T, Suzuki H, Ito K, Ogawa K, Kume K, Shimizu T, and Sugiyama Y (1998)
Hepatic expression of multidrug resistance-associated protein-like proteins main-
tained in Eisai hyperbilirubinemic rats. Mol Pharmacol 53:1068–1075.

Hirohashi T, Suzuki H, and Sugiyama Y (1999) Characterization of the transport
properties of cloned rat multidrug resistance-associated protein 3 (MRP3). J Biol
Chem 274:15181–15185.

Hirohashi T, Suzuki H, Takikawa H, and Sugiyama Y (2000) ATP-dependent trans-
port of bile salts by rat multidrug resistance-associated protein 3 (Mrp3). J Biol
Chem 275:2905–2910.

Hoffmann U and Kroemer HK (2004) The ABC transporters MDR1 and MRP2:
multiple functions in disposition of xenobiotics and drug resistance. Drug Metab
Rev 36:669–701.

Ishiguro N, Maeda K, Saito A, Kishimoto W, Matsushima S, Ebner T, Roth W,
Igarashi T, and Sugiyama Y (2008) Establishment of a set of double transfectants
co-expressing organic anion transporting polypeptide 1B3 and hepatic efflux trans-
porters for the characterization of the hepatobiliary transport of telmisartan
acylglucuronide. Drug Metab Dispos 36:796–805.

Keitel V, Burdelski M, Warskulat U, Kuhlkamp T, Keppler D, Haussinger D, and
Kubitz R (2005) Expression and localization of hepatobiliary transport proteins in
progressive familial intrahepatic cholestasis. Hepatology 41:1160–1172.

König J, Rost D, Cui Y, and Keppler D (1999) Characterization of the human

multidrug resistance protein isoform MRP3 localized to the basolateral hepatocyte
membrane. Hepatology 29:1156–1163.

Kool M, van der Linden M, de Haas M, Scheffer GL, de Vree JM, Smith AJ, Jansen G,
Peters GJ, Ponne N, Scheper RJ, et al. (1999) MRP3, an organic anion transporter
able to transport anti-cancer drugs. Proc Natl Acad Sci U S A 96:6914–6919.

Lecureur V, Sun D, Hargrove P, Schuetz EG, Kim RB, Lan LB, and Schuetz JD
(2000) Cloning and expression of murine sister of P-glycoprotein reveals a more
discriminating transporter than MDR1/P-glycoprotein. Mol Pharmacol 57:24–35.

Leggas M, Adachi M, Scheffer GL, Sun D, Wielinga P, Du G, Mercer KE, Zhuang Y,
Panetta JC, Johnston B, et al. (2004) Mrp4 confers resistance to topotecan and
protects the brain from chemotherapy. Mol Cell Biol 24:7612–7621.

Lippert C, Ling J, Brown P, and Burmaster S (1995) Mass balance and pharmaco-
kinetics of MDL 16,455A in the healthy, male volunteers. Pharmacol Res (N Y)
12:S-390.

Manautou JE, de Waart DR, Kunne C, Zelcer N, Goedken M, Borst P, and Elferink
RO (2005) Altered disposition of acetaminophen in mice with a disruption of the
Mrp3 gene. Hepatology 42:1091–1098.

Matsushima S, Maeda K, Ishiguro N, Igarashi T, and Sugiyama Y (2008) Investiga-
tion of the inhibitory effects of various drugs on the hepatic uptake of fexofenadine
in humans. Drug Metab Dispos 36:663–669.

Matsushima S, Maeda K, Kondo C, Hirano M, Sasaki M, Suzuki H, and Sugiyama Y
(2005) Identification of the hepatic efflux transporters of organic anions using
double-transfected Madin-Darby canine kidney II cells expressing human organic
anion-transporting polypeptide 1B1 (OATP1B1)/multidrug resistance-associated
protein 2, OATP1B1/multidrug resistance 1, and OATP1B1/breast cancer resis-
tance protein. J Pharmacol Exp Ther 314:1059–1067.

Mennone A, Soroka CJ, Cai SY, Harry K, Adachi M, Hagey L, Schuetz JD, and Boyer
JL (2006) Mrp4�/� mice have an impaired cytoprotective response in obstructive
cholestasis. Hepatology 43:1013–1021.

Merino G, Jonker JW, Wagenaar E, van Herwaarden AE, and Schinkel AH (2005)
The breast cancer resistance protein (BCRP/ABCG2) affects pharmacokinetics,
hepatobiliary excretion, and milk secretion of the antibiotic nitrofurantoin. Mol
Pharmacol 67:1758–1764.

Niinuma K, Kato Y, Suzuki H, Tyson CA, Weizer V, Dabbs JE, Froehlich R, Green
CE, and Sugiyama Y (1999) Primary active transport of organic anions on bile
canalicular membrane in humans. Am J Physiol 276:G1153–G1164.

Reid G, Wielinga P, Zelcer N, De Haas M, Van Deemter L, Wijnholds J, Balzarini J,
and Borst P (2003) Characterization of the transport of nucleoside analog drugs by
the human multidrug resistance proteins MRP4 and MRP5. Mol Pharmacol 63:
1094–1103.

Rius M, Nies AT, Hummel-Eisenbeiss J, Jedlitschky G, and Keppler D (2003)
Cotransport of reduced glutathione with bile salts by MRP4 (ABCC4) localized to
the basolateral hepatocyte membrane. Hepatology 38:374–384.

Shimizu M, Fuse K, Okudaira K, Nishigaki R, Maeda K, Kusuhara H, and Sugiyama
Y (2005) Contribution of OATP (organic anion-transporting polypeptide) family
transporters to the hepatic uptake of fexofenadine in humans. Drug Metab Dispos
33:1477–1481.

Suzuki H and Sugiyama Y (1998) Excretion of GSSG and glutathione conjugates
mediated by MRP1 and cMOAT/MRP2. Semin Liver Dis 18:359–376.

Suzuki M, Suzuki H, Sugimoto Y, and Sugiyama Y (2003) ABCG2 transports sul-
fated conjugates of steroids and xenobiotics. J Biol Chem 278:22644–22649.

Tahara H, Kusuhara H, Fuse E, and Sugiyama Y (2005) P-glycoprotein plays a major
role in the efflux of fexofenadine in the small intestine and blood-brain barrier, but
only a limited role in its biliary excretion. Drug Metab Dispos 33:963–968.

Tian X, Zamek-Gliszczynski MJ, Li J, Bridges AS, Nezasa K, Patel NJ, Raub TJ, and
Brouwer KL (2008) Multidrug resistance-associated protein 2 is primarily respon-
sible for the biliary excretion of fexofenadine in mice. Drug Metab Dispos 36:61–
64.

Van Aubel RA, Koenderink JB, Peters JG, Van Os CH, and Russel FG (1999)
Mechanisms and interaction of vinblastine and reduced glutathione transport in
membrane vesicles by the rabbit multidrug resistance protein Mrp2 expressed in
insect cells. Mol Pharmacol 56:714–719.

van Aubel RA, Smeets PH, Peters JG, Bindels RJ, and Russel FG (2002) The
MRP4/ABCC4 gene encodes a novel apical organic anion transporter in human
kidney proximal tubules: putative efflux pump for urinary cAMP and cGMP. J Am
Soc Nephrol 13:595–603.

van Herwaarden AE, Jonker JW, Wagenaar E, Brinkhuis RF, Schellens JH, Beijnen
JH, and Schinkel AH (2003) The breast cancer resistance protein (Bcrp1/Abcg2)
restricts exposure to the dietary carcinogen 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine. Cancer Res 63:6447–6452.

Vlaming ML, Mohrmann K, Wagenaar E, de Waart DR, Elferink RP, Lagas JS, van
Tellingen O, Vainchtein LD, Rosing H, Beijnen JH, et al. (2006) Carcinogen and
anticancer drug transport by Mrp2 in vivo: studies using Mrp2 (Abcc2) knockout
mice. J Pharmacol Exp Ther 318:319–327.

Zelcer N, Saeki T, Reid G, Beijnen JH, and Borst P (2001) Characterization of drug
transport by the human multidrug resistance protein 3 (ABCC3). J Biol Chem
276:46400–46407.

Zelcer N, van de Wetering K, de Waart R, Scheffer GL, Marschall HU, Wielinga PR,
Kuil A, Kunne C, Smith A, van der Valk M, et al. (2006) Mice lacking Mrp3 (Abcc3)
have normal bile salt transport, but altered hepatic transport of endogenous
glucuronides. J Hepatol 44:768–775.

Zeng H, Chen ZS, Belinsky MG, Rea PA, and Kruh GD (2001) Transport of metho-
trexate (MTX) and folates by multidrug resistance protein (MRP) 3 and MRP1:
effect of polyglutamylation on MTX transport. Cancer Res 61:7225–7232.

Address correspondence to: Dr. Yuichi Sugiyama, Department of Molecu-
lar Pharmacokinetics, Graduate School of Pharmaceutical Sciences, The Uni-
versity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. E-mail:
sugiyama@mol.f.u-tokyo.ac.jp

Role of Efflux Transporters in Disposition of Fexofenadine 1483

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

